Bacterial phytochromes are dimeric light-regulated histidine kinases that convert red light into signaling events. Light absorption by the N-terminal photosensory core module (PCM) causes the proteins to switch between two spectrally distinct forms, Pr and Pfr, thus resulting in a conformational change that modulates the C-terminal histidine kinase region. To provide further insights into structural details of photoactivation, we investigated the full-length Agp1 bacteriophytochrome from the soil bacterium Agrobacterium fabrum using a combined spectroscopic and modeling approach. We generated seven mutants suitable for spin labeling to enable application of pulsed EPR techniques. The distances between attached spin labels were measured using pulsed electron-electron double resonance spectroscopy to probe the arrangement of the subunits within the dimer. We found very good agreement of experimental and calculated distances for the histidine-kinase region when both subunits are in a parallel orientation. However, experimental distance distributions surprisingly showed only limited agreement with either parallel-or antiparallel-arranged dimer structures when spin labels were placed into the PCM region. This observation indicates that the arrangements of the PCM subunits in the full-length protein dimer in solution differ sig-nificantly from that in the PCM crystals. The pulsed electronelectron double resonance data presented here revealed either no or only minor changes of distance distributions upon Pr-to-Pfr photoconversion.
Bacterial phytochromes are dimeric light-regulated histidine kinases that convert red light into signaling events. Light absorption by the N-terminal photosensory core module (PCM)
causes the proteins to switch between two spectrally distinct forms, Pr and Pfr, thus resulting in a conformational change that modulates the C-terminal histidine kinase region. To provide further insights into structural details of photoactivation, we investigated the full-length Agp1 bacteriophytochrome from the soil bacterium Agrobacterium fabrum using a combined spectroscopic and modeling approach. We generated seven mutants suitable for spin labeling to enable application of pulsed EPR techniques. The distances between attached spin labels were measured using pulsed electron-electron double resonance spectroscopy to probe the arrangement of the subunits within the dimer. We found very good agreement of experimental and calculated distances for the histidine-kinase region when both subunits are in a parallel orientation. However, experimental distance distributions surprisingly showed only limited agreement with either parallel-or antiparallel-arranged dimer structures when spin labels were placed into the PCM region. This observation indicates that the arrangements of the PCM subunits in the full-length protein dimer in solution differ sig-nificantly from that in the PCM crystals. The pulsed electronelectron double resonance data presented here revealed either no or only minor changes of distance distributions upon Pr-to-Pfr photoconversion.
Phytochromes are red-light-sensitive photoreceptors of plants, bacteria, and fungi (1) . They comprise a conserved N-terminal chromophore-binding photosensory core module (PCM) 5 and (most frequently) either a C-terminal regulatory histidine kinase or (less frequently) a histidine-kinase-like region. Typical phytochromes have two spectrally distinct and thermally stable forms, named Pr (red-absorbing form) and Pfr (far-red-absorbing form), that depend on the isomeric structure of the covalently bound bilin chromophore. In typical phytochromes, Pr is the dark state, whereas so-called bathy phytochromes have a Pfr ground state (2) . Photoconversion, initialized by Z-to-E or E-to-Z isomerization around a double bond of the bilin chromophore results in protein conformational changes (3) (4) (5) . In bacterial and fungal phytochromes with C-terminal histidine kinases, these conformational changes modulate the kinase activity. Despite a wealth of structural data on the N-terminal chromophore module (6 -11) and the histidine kinases (12, 13) , important structural details of this mechanism are so far unknown. According to electron microscopy studies, both subunits of the Deinococcus phytochrome homodimer are arranged in a parallel manner (14) , in line with two kinase mechanisms, in which either the His substrate in one subunit is phosphorylated by the other (in trans) or phosphorylation takes place within the same subunit (in cis) (15) . Strikingly, however, the subunits of the chromophore modules in PCM crystal structures are sometimes arranged in a parallel (6, 11, 16) and sometimes in an antiparallel fashion (7, 16) . Therefore, an antiparallel arrangement, although less likely, was also considered for the full-length protein in solution.
Insights into the conformational changes that occur within the PCM of bacterial phytochromes during photoconversion have been gained by recent studies. Temperature-scan crystallography on the PCM of Pseudomonas aeruginosa phytochrome (a bathy phytochrome) showed that in the early steps of Pfr-to-Pr conversion, amino acids in the PXXDIP motif of the GAF domain are displaced (17) . Crystal structures for normal and bathy phytochromes in their Pr and Pfr forms, respectively, revealed differences in the folding of the tip of the "tongue," which is a part of the PHY domain that folds back to the GAF domain to close the chromophore pocket. A recent publication on the structure of the dark state and the illuminated state of the PCM of Deinococcus phytochrome confirms that during photoconversion the tongue refolds, as expected from the comparison of crystal structures (11, 18) . Non-determined lightinduced protein conformational changes within the PCM are also obvious from size-exclusion experiments on the PCM of cyanobacterial phytochrome Cph1 and of Agp1 (3, 4) and from ultracentrifugation studies with PCM of Cph1 (19) , which indicate a switch from weak to strong subunit interaction upon photoconversion to the Pfr form. Intramolecular signal transduction from the sensory PCM to the regulatory output domain must also be associated with structural changes within the protein, which are expected to correspond to changes in distances between the monomers in both subunits. However, to date no experimental method was successful in providing such information on the full-length protein. Obtaining high-quality crystals is the major obstacle, which for X-ray crystallography on large protein complexes needs to be to overcome. The typical size of 85-120 kDa of full-length phytochrome also precludes taking advantage of high-resolution NMR spectroscopy, which can be applied to study the structure of proteins up to sizes of ϳ50 kDa. In contrast, no size restriction exists for pulsed electron-electron double resonance (PELDOR; also called DEER for double electron-electron resonance) that can provide structural information on proteins in solution by mapping distances on a nanometer scale between two paramagnetic sites within a protein (20 -22) .
In the present study, we applied site-directed spin labeling (23, 24) in combination with PELDOR spectroscopy to investigate the structure and structural rearrangements of the 162-kDa full-length Agp1 phytochrome dimers of the soil bacterium Agrobacterium fabrum C58 (formerly Agrobacterium tumefaciens C58) in its dark Pr and red-light illuminated Pfr state, in analogy to recent studies on the Cph1 phytochrome from Synechocystis sp. PCC6803 (25) . By site-directed spin labeling, a cysteine residue is introduced at a desired position by site-directed mutagenesis. Subsequently, a paramagnetic sulfhydryl-specific nitroxide probe is covalently attached to the free sulfhydryl to form the R1 side chain. By measuring the pairwise interaction between the magnetic moments of unpaired electron spins localized on the nitroxides, PELDOR reveals distances in a range between ϳ1.5 and 8 nm (21, 26) . A number of Agp1 mutants allowing introduction of spin labels at various positions within a monomer have been generated and exploited to gain structural information on the dimeric protein complex.
Mapping of the PELDOR distances onto the PCM crystal structures (16) , as well as on a structural model of the Agp1 histidine kinase that was predicted based on the Thermotoga maritima homolog (PDB code 2C2A) (12) , corroborated the parallel orientation of the subunits in the full-length phytochrome. How well a PCM crystal structure will agree with the N-terminal sensory region of a full-length protein in vivo is still an open question. Currently, it is expected that the arrangement of PCM subunits in crystal structures reflects the situation of the fulllength proteins in solution, as long as both subunits are arranged in parallel (11) . We show here that this is not the case. Our solution data for the PCM distances clearly deviate from the respective distances in the PCM crystal structure. The solution distances between different subunits match well with structural models derived from a crystal structure of the inactive state.
Results and discussion
Phytochromes assemble as homodimers; thus, a mutation of one single cysteine in the monomeric protein introduces two spin labels into the dimeric structure. For site-directed mutagenesis, residues were selected based on the low-resolution PCM crystal structure of Agp1 (27) and a structural model based on the histidine kinase of the T. maritima homolog (12) . For PELDOR measurements, distances between two unpaired electron spins are preferably in a range between 1.5 and 8 nm (21, 26) . Thus, only such positions were selected for introduction of spin labels that resulted in distances that were expected to be within this range and that are accessible to spin label. For the structural investigation of Agp1, spin-label positions in various regions of the protein were chosen. We report here results for the positions (i) 122, which is in the link between the PAS and GAF domains; (ii) 362 in a ␤-sheet region of the PHY domain; (iii) 517 in the helix connecting the PHY domain with the histidine kinase; (iv) 528, the phosphorylation site of the histidine kinase; and (v) three more positions in the histidine kinase: 535, 554, and 603, where the last one is located in the ATP-binding domain of the histidine kinase. All these amino acids, as well as the position of the native cysteine (Cys-20), are indicated in the structural models shown in Fig. 1 . A compilation of all experimental and computed interspin distances is given in Tables 1 and 2 .
Native cysteines in Agp1 phytochrome
Three native cysteines, Cys-20, Cys-279, and Cys-295, all of them are potential binding sites for MTSL, can be found in the sequence of wild-type Agp1 phytochrome. Cys-279 and Cys-295 are deeply buried in the protein and not easily accessible for various labels (28) . Nevertheless, they were successfully replaced by other amino acids without affecting the spectral properties or the enzymatic function of phytochrome. However, Cys-20 is necessary for covalent binding of the biliverdin (BV) cofactor. Efficient binding of BV, which was synthesized in the host cell, prevents the availability of Cys-20 to MTSL during the spin-labeling procedure. Depending on the sample, we have observed varying efficiency of chromophore binding with typical values of 65-80% for the mutants presented here. Consequently, unoccupied Cys-20 could be accessible for other re-agents (28) . Therefore, both the introduced cysteine and also to some extent Cys-20 were available for covalent linkage of cysteine-specific MTSL in each of the samples.
PCM region
We have attempted to investigate a larger number of mutants, in which the mutated residues are located in the PCM (photosensory core module or PAS-GAF-PHY) region of Agp1. However, labeling turned out to be inefficient for most of these mutants, even though the crystal-structure-based Multiscale Modeling of Macromolecules (MMM) computation predicted high accessibility for these positions. For the mutants that could be efficiently labeled, data analyses and interpretations turned out to be much more challenging than for the mutants located in the histidine kinase region. Below, the PELDOR data acquired for S122R1 and A362R1 are presented ( Figs. 2 and 3 ). Residue 122 is located in the linker region between the PAS and GAF domains. Depending on the expression batch, a position in addition to position S122C was spin-labeled to a certain degree. As a consequence, the experimentally obtained distance distributions comprised two main components with maxima at 2.4 and 4.7 nm (Fig. 2B ). The additional spin-label position was identified as Cys-20, the chromophore-binding site. The shorter component in the distance distributions was assigned to the S122R1-S122R1 distance and the longer was assigned to S122R1-C20R1. This assignment is based on the comparison of experimental and MMM-computed distance distributions. Two recently published PCM-Agp1 crystal structures, one with parallel and one with antiparallel arrangement of the subunits (16), have been used for the MMM computations.
For the parallel arrangement ( Fig. 1B) , a distance distribution with a mean distance of 1.6 nm was calculated for S122R1-S122R1 ( Fig. 2B , blue-shaded area). A long distance of 8.1 nm was predicted for C20R1-C20R1. The distance distribution resulting from intramonomer interactions as well as intermonomer interactions, with a mean distance of 5.1 nm was computed for S122R1-C20R1. The overlap of computed and experimental distance distributions is fairly good in the region between 4.2 and 5.2 nm. In the short-distance range, the calculated distances are much shorter than the experimental ones, resulting in an only very small overlap of distributions.
Distances predicted based on an antiparallel dimer of PCM-Agp1 ( Fig. 1A ) are in a range between 4 and 8 nm and do not overlap with the region of shorter distances of the experimental distance distribution (Fig. 2B , magenta-shaded areas). The predicted S122R1-S122R1 distance distribution has two components with maxima at 6.6 and 7.1 nm. The C20R1-S122R1 distance is shorter and centered at 5.1 nm, whereas the C20R1-C20R1 distance is located in-between with its main maximum at 6.1 nm.
Overall, from the two MMM predictions, much better agreement with experimental data is found for the parallel than for the anti-parallel dimer of PCM-Agp1. Therefore, the experimental distance distribution with maxima at 2.4 and 4.7 nm were assigned to distances S122R1-S122R1 and C20R1-S122R1, respectively. The C20R1-C20R1 distance is not observed in the experimental distance distribution, mainly because of its length beyond the PELDOR range but also because of relatively small probability of finding both Cys-20 residues labeled in the dimer. This assumption is further corroborated by the fact that no contribution from the C20R1-C20R1 distance was found for proteins with spin labels in the histidine kinase (see "Histidine kinase region"). Importantly, one has to keep in mind that MMM assumes complete spin labeling of all cysteines in a protein, which is, however, not the case for proteins with the majority of Cys-20 bound to the BV chromophore. No changes in the distance distributions were observed for the sample before (Pr form) and after (Pfr form) red-light illumination (Fig. 2B ).
An interaction with the spin label bound to Cys-20 is also expected to contribute to the PELDOR data obtained for A362R1 ( Fig. 3 ) that is localized in the PHY domain. The obtained distance distributions ( Fig. 3B ) are dominated by two contributions with maxima at 3.4 and 4.7 nm. These were assigned to distances C20R1-A362R1 and A362R1-A362R1, respectively (16) . The predicted distance distribution for the parallel dimer of PCM-Agp1 comprises three main contributions: A362R1-A362R1 at ϳ5.0 nm, C20R1-A362R1 at ϳ3.9 nm, and 7.3 nm for intra-and interchain distances, respectively, and C20R1-C20R1 at 8.1 nm (Fig. 3B , blue-shaded areas, and Tables 1 and 2). The calculated distance distributions are very narrow and overlap only partially with peaks of the experimental distance data. Similarly, narrow distance distributions are predicted for the antiparallel dimer of PCM-Agp1 (magentashaded areas in Fig. 3B ), which overlap with the experimental distance distributions even less. For the latter structure, the A362R1-A362R1 distance of 7.7 nm is the longest of the predicted distances. The C20R1-C20R1 distance is 6.1 nm, and two (12)) placed manually close to the C termini of each PCM module. B, crystal structure of the Agp1-PCM in parallel arrangement (PDB code 5I5L) and a homology model for the Agp1 His-kinase dimer (12) placed manually next to the C termini of the PCM modules. The C␣ atoms of the residues mutated to cysteines, as well as of the functional Cys-20, are shown as pairwise colored spheres and labeled according to their position in Agp1.
C20R1-A362R1 distances are 2.6 and 6.4 nm for intra-and interchain distances, respectively (see also Tables 1 and 2) . Overall, the relatively small overlap of experimental distance distributions with predicted ones makes an unambiguous assignment rather difficult. Nevertheless, the basic pattern of the experimental data is much better reproduced by the MMM prediction for the parallel dimer, thus supporting the parallel arrangement of monomers in the full-length protein. Consequently, a distance distribution with a maximum at 4.7 nm was assigned to the interspin distance between both A362R1 labels in the dimer and the distance distribution with a maximum at 3.4 nm to the C20R1-A362R1 distance. The experimental data suggest that at position 362 both subunits are slightly closer together in the full-length protein in solution as compared with the parallel PCM crystal structure. Therefore, the subunit arrangement in the crystal again does not reflect the arrangement in the full-length protein. A very small shift from 2.3 nm (Pr form) to 2.1 nm (Pfr form) in the shoulder of the contribu- Table 1 Experimental and computed PELDOR interspin distances for the labels in the PCM region Parallel and antiparallel structures of PCM fragments (16) . Half-widths at the half-maxima are given in parentheses. C20R1-C20R1 8.1 (0.1) 6.1 (0.1); 6.4 (0.1) S122R1-S122R1
Computed
1.2 (0.1); 1.9 (0.1) 7.1 (0.1); 6.6 (0.1) a 2.4 (0.5) S122R1-C20R1 5.1 (0.1); 4.6 (0.1) a /4.8 (0.1) 5.5 (0.1); 4.8 (0.1)
3.9 (0.1)/2.6 (0.1) 7.3 (0.1) 6.5 (0.1) 3.4 (0.6) a The two different numbers stand for two maxima in the distance distribution.
Table 2 Experimental and computed PELDOR interspin distances for the labels in the His-kinase region
Parallel and antiparallel structures of a homology model of the Agp1 histidine kinase that was predicted based on a T. maritima histidine kinase (12) . Half-widths at the half-maxima are given in parentheses.
His-kinase spin-label positions
Computed distance (parallel subunits) tion assigned to the C20R1-A362R1 distance is observed upon red-light illumination with all the other contributions remaining unchanged (Fig. 3B ).
Histidine kinase region
PELDOR data of four spin-labeled proteins with the mutated residues being located on one of the helices from the dimerization and histidine phosphotransfer domain of the histidine kinase are shown in Fig. 4 . K517R1 is localized in the region between the PHY domain and the histidine kinase, whereas the others (H528R1, R535R1, and K554R1) are in the histidine kinase itself (Fig. 1C) with His-528 being the phosphorylation site of the histidine kinase. Narrow distance distributions were obtained for each of the mutants (Fig. 4B, black and red lines) . The experimental distance distributions overlap significantly with the distance distributions predicted for the structural model of the histidine kinase based on the T. maritima homolog (12) (Fig. 4B, shaded areas) for all the mutants but K554R1. For the latter, the predicted distance is significantly shorter than the measured one. Because Lys-554 is located in a loop, it is most likely that this loop in the Agp1 protein is folded differently in solution than in the model structure that was used for theoretical analysis. No contributions from couplings to C20R1 are observed for any of the four proteins (which is expected because of the very large separations between these positions) and also not from the C20R1-C20R1 interaction itself (thus supporting our assignments for PAS/GAF/PHY region) (Fig.  4B) . The good agreement between experimental and MMMpredicted distance distributions supports the parallel alignment of the monomers in the full-length Agp1 phytochrome. In the antiparallel arrangement, the estimated distances range from 9 nm for Lys-517 to almost 20 nm for Lys-554 (see also Fig.  1A ). Such distances are beyond the PELDOR range. For all mutants, signals of dark-adapted and red-light-illuminated samples are nearly identical (Fig. 4B, black and red lines, respectively). The very small differences are most probably due to the slightly different signal-to-noise ratios obtained in the respective measurements and are not necessarily due to conformational changes of the protein upon photoconversion.
Subunit arrangement
Despite the two crystal structures available for the PCM of Agp1 (16) differ in their subunit arrangements, it is difficult to decide whether the spin label data for positions 122 and 362 reflect a parallel or an anti-parallel arrangement. Complex multimodal distance distributions were predicted for both positions in the parallel-aligned as well as in the antiparallel-aligned structures (Figs. 2B and 3B) . The predicted distributions comprise relatively narrow components that suggest tight locations of the labels in the crystal structures. Differently, experimental distance distributions exhibit broad components, indicating a rather unconstrained environment of the spin labels attached to both positions in the full-length protein in solution. The only limited agreement between experimental and MMM-predicted distance distributions makes an unambiguous assignment of the components difficult. Nevertheless, the basic pattern of the distance contributions agrees better with the PCM structure arranged in parallel. This assignment is supported by the PEL-DOR results for the proteins with spin-label positions located within the histidine kinase unit. All interspin distances between residues located on the helices of the dimerization and histidine phosphotransfer domain of that region agree well with the parallel-arranged structure of the histidine kinase as derived based on the T. maritima homolog (PDB code 2C2A) (12) . Consequently, only the parallel arrangement of the PCM region of Agp1 is likely in the full-length Agp1 phytochrome. However, the subunit arrangement in the PCM region of the full-length dimer in solution differs clearly from the subunit arrangement in the crystal structure (Tab. 1).
ATP-binding domain of the histidine kinase
None of the so-far discussed mutations is localized in the ATP-binding domain of the Agp1 phytochrome. No clear lighttriggered structural rearrangements have been observed for any of those mutants. In the study on the structural basis of the histidine kinase autophosphorylation by Dago et al. (29) , a structural model of the active kinase conformations was derived from the crystal structure of the histidine kinase module of T. maritima sensory kinase HK853 (12) . The obtained active conformation of the histidine kinase differed from the inactive one in particular such that the ATP-binding domain has rotated by 90°around the four-helix-bundle axis of the kinase and positioned on top of the functional histidine, thus enabling autophosphorylation. Upon the rotational movement of the ATP-binding domains, the interdimer distances between the corresponding amino acids of the domains change significantly. Following this idea, we have investigated position Arg-603 (homologous to position Asn-338 in the histidine kinase of T. maritima) in the ATP-binding domain, for which the 603-603 distance changes from 6 nm in the inactive form to 3 nm in the active form of the histidine kinase (Fig. 5B, blue-and  magenta-shaded areas, respectively) . The experimental distance distribution of the dark-adapted sample with its maximum at 2.7 nm overlaps very well with the predicted distance distribution for the model structure of the active conformation of the histidine kinase. This observation is in line with a high phosphorylation activity observed for Agp1 in the darkadapted Pr form. There was no overlap of the experimental and calculated distance distributions when the homology model based on the crystal structure of the histidine kinase of T. maritima (12) was used that corresponds to the inactive form. Within the histidine kinase module, the orientation of the ATPbinding domain in the dark-adapted form of Agp1 does not agree with the one that is found in the structure of T. maritima, which was assigned to the inactive form of the histidine kinase, but agrees well with the structure of the active form of the histidine kinase proposed in Ref. 29 .
Conformational changes upon illumination
Based on limited proteolysis and other methods, it is expected that Agp1 undergoes conformational changes during photoconversion (4, 28, 30) . Such changes are thought to be responsible for spectral changes, modulation of enzyme activity, and differences in the interaction with other proteins. It was suggested that such changes would also result in distance changes at various positions of the protein (3, 31) . However, the PELDOR data presented here did not reveal any substantial distance changes upon Pr-to-Pfr conversion. Hence, it is likely that these are not large enough to affect the subunit distances in a significant manner. Detection of distance changes might be hampered by an unfavorable fraction of dimers fulfilling all requirements for the structural rearrangements to take place: red-light irradiation of Agp1 typically results in formation of only ϳ80% Pfr. Taking into account that ϳ80% of all protein is assembled with BV, only 64% of all molecules could undergo photoconversion to Pfr. Therefore, at best 40% of the protein is expected to be in a Pfr/Pfr conformation (both halves of the dimer complex in Pfr form) after irradiation. Despite this rather intricate challenging situation, distance changes should, however, still be detectable.
We have also carried out PELDOR measurements at Q-band microwave frequency using smaller sample-tube diameters typically chosen at the higher microwave frequency. The obtained distance distributions for illuminated and non-illuminated samples were nearly identical to those from X-band PEL-DOR (data not shown).
For the PCM of Deinococcus bacteriophytochrome, based on Pr/Pfr crystal structures and SAXS measurements, an increase of up to 15 Å of the distances between both subunits in the region of the PHY domain upon Pr-to-Pfr photoconversion has been reported (11) . The K517R1 mutant examined in our study is located in the region of the long helix connecting the PHY domain and the histidine kinase. We observed no Pr/Pfr differences at these positions, which supports that the distance change in that region is negligible. We therefore consider that the PAS-GAF-PHY protein segment alone behaves differently as compared with the full-length protein, in which the histidine kinase forms an additional dimerization site that might keep the PHY domains together. In a recent SAXS analysis on fulllength Deinococcus phytochrome, such distance changes were indeed not observed (32) .
An activation mechanism predicted for the histidine kinase based on computer molecular simulations (29) assumes that the ATP-binding sites rotate by 90°around the four-helix-bundle axis of the kinase. According to this mechanism, the distances between respective residues in both subunits change significantly like for the position of Arg-603 of Agp1, a homolog of Asn-338 in T. maritima, where the inter-residue distance would change from 6 nm in the inactive form to 3 nm in the active form of the histidine kinase. This substantial rearrangement could not be confirmed by our PELDOR experiments (Fig. 5B ) because for both dark-adapted and red-light-illuminated samples only the short distance centered at 2.7 nm was detected. Thus, our measurements do not confirm the major conformational changes of the quaternary structure predicted by recent SAXS studies (11) and MAGMA simulations (29) . However, our data have shown that the dark-adapted structure of the histidine kinase region in full-length Agp1 in the region of the ATP-binding domain does not correspond to the histidine-kinase crystal structure of T. maritima but corresponds to an activated form as presented in Ref. 29. In summary, sensory proteins such as Agp1 phytochrome of A. fabrum must relay structural signals from the sensory site over large distances to regulatory output domains. Our results clearly show that the dimer of the full-length Agp1 phytochrome in the Pr form adopts parallel conformation. However, the weak agreement between experimental distance distributions and those obtained based on the parallel-aligned crystal structure of the PCM fragment suggests considerable differences between the solution structure of the full-length protein and the crystal structure of the PCM fragment. Additional information on the orientation of the ATP-binding domains relative to the four helices of the histidine kinase has been obtained that agrees well with the activated form of histidine kinase (29) . The PELDOR studies presented here did not reveal any significant changes in the interspin distances upon Pr-to-Pfr photoconversion. We propose that the intramolecular signal transduction is not realized by a change of distance between both subunits or by distance changes that are too small to be detected by PELDOR.
Experimental procedures

Site-directed mutagenesis
All mutants used in this study were generated based on the expression vector pNM3c, which encodes for Agrobacterium heme oxygenase and full-length Agp1 with a C-terminal hexahistidine tag for Ni 2ϩ -affinity purification of the protein (4). Heme oxygenases catalyze the conversion of heme to BV, the chromophore of Agp1. As a result, the Escherichia coli cells produce holo-Agp1. Agp1 has three native cysteines: Cys-20 for covalent attachment of the BV chromophore to the apoprotein to generate holoprotein, and most bacterial phytochromes contain the conserved Cys-279 and Cys-295 (Agp1 numbering) of yet unknown function. Cys-279 and Cys-295 were replaced by site-directed mutagenesis to serines using the QuikChange site-directed mutagenesis approach (Stratagene, La Jolla, CA) with two complementary primers (Sigma) with desired mutations in the center. The resulting plasmid was used to generate various cysteine mutants for PELDOR experiments. All primers were bought from Sigma. The primer sequences for each mutant (sense strand) were as follows: C295A, ACGTGAAGC-CGCTGATTTTGCAGCGCA; C279S, GGCTTGATTGCCA-GCCACCACGCGACACCGC; S122C, GGAGTGGGCGAA-TGTGCTGAAAAGCTGATG; A362C, CGCGGATGGCGC-ATGTCTTGTCCTGGGCGACG; K517C, GTTGCAGCGC-ACCAATTGCGAGCTGGAGGCTTTTTC; H528C, CCTAT-TCCGTTTCGTGCGACCTGCGC; R535CCCTGCGCGC-GCCGTTCTGCCATATTGTCG; K554C, CGATGCCCTGG-ACGAGTGCTCCCTGCATTATCTGC; and R603C, GAGC-GAAGTTCGCTGCTCTCTTTCACACGCGG.Aftermutagenesis, the plasmids were checked for correctness by sequencing at GATC (Konstanz, Germany).
Protein expression and purification
E. coli XL1-blue cells with the desired expression vector were grown in 4 liters of lysogeny broth medium with 0.3 M final concentration of ampicillin and tetracycline at 37°C until an A 600 of 0.6 was reached. Specific protein expression was induced by adding isopropyl-␤-D-1-thiogalactopyranoside to a final concentration of 50 M. The bacterial cultures were shaken for 48 h in darkness at 18°C; the A 600 reached ϳ2.3. All subsequent steps were carried out under green safelight or in darkness at 4°C. The cells were harvested and centrifuged at 5000 ϫ g for 10 min, and the pellet was suspended in 20 ml of basic buffer (300 mM NaCl, 50 mM Tris⅐HCl, 5 mM EDTA, pH 7.8) with freshly added 2 mM (final concentration) DTT. The cells were lysed with a French pressure cell (Aminco) with two passages at 1380 bars and clarified by centrifugation at 20,000 ϫ g for 30 min. The soluble proteins in the supernatant were precipitated with 50% ammonium sulfate, and the pellet was dissolved in dilute imidazole buffer (300 mM NaCl, 50 mM Tris⅐HCl, 10 mM imidazole, pH 7.8). The sample was centrifuged again, and the supernatant was loaded onto a 3 cm ϫ 5 cm Ni 2ϩ -affinity chromatography column (Qiagen), which was equilibrated with dilute imidazole buffer. Concentrated imidazole buffer (300 mM NaCl, 50 mM Tris⅐HCl, 250 mM imidazole, pH 7.8) was used to elute the protein from the column. The eluted protein fractions were combined, and protein was precipitated with 50% ammonium sulfate. The resulting pellet was suspended in basic buffer and again centrifuged. Subsequently, the protein was used for characterization and spin labeling. Protein concentrations were estimated from the respective absorption at 280 nm (33) .
Characterization of mutants
Absorption spectra of all samples 250 were recorded with a JASCO V-550 photometer. The scan speed was usually 1000 nm min Ϫ1 . The spectra were measured between 900 and 250 nm at room temperature. Throughout this work, a 780-nm farred light source with 100 mol m Ϫ2 s Ϫ1 intensity and a 655-nm red light source with 20 mol m Ϫ2 s Ϫ1 intensity light emitting diodes were used for photoconversion. For autophosphorylation, an earlier protocol (3, 33) was adopted. Phosphorylation experiments with the holoproteins were performed under bluegreen safelight ( max ϭ 505 nm) or in darkness. The protein concentration was 12 M. Sample volumes of 5 l were irradiated with either red or with far-red light. The irradiation time was always 3 min, and the temperature during irradiation was 25°C. Directly after irradiation, 15 l of phosphorylation buffer (final concentrations were 25 mM Tris⅐HCl, 5 mM MgCl 2 , 4 mM ␤-mercaptoethanol, 0.2 mM EDTA, pH 7.8, 50 mM KCl, 5% ethylene glycol, 0.45 M (50 MBq/ml) [␥-32 P]ATP, pH 7.8) was added to each sample. After mixing, the samples were immediately incubated in a thermal block that was preset to 25°C for 30 min. After this time, the phosphorylation reaction was stopped by adding 10 l of loading buffer (30% glycerol, 6% SDS, 300 mM DTT, 0.01% bromphenol blue, 240 mM Tris⅐HCl, pH 6.7) to each reaction mixture. Then 10 l of each sample were loaded to SDS-PAGE gels (10% acrylamide in separating gel). After electrophoresis, the protein was transferred onto a PVDF membrane (Millipore) with a Trans-Blot semi-dry blot apparatus (Bio-Rad). The dried membrane was exposed to a phosphorimaging plate (Fuji) for ϳ5 min, followed by quantification using the fluorescent image analyzer FLA 2000 (Fuji) and integrated analysis software. The protein on the PVDF membrane was stained with Simply Blue SafeStain (Invitrogen).
Spin labeling
Spin labeling of Agp1 samples was performed at 4°C in degassed labeling buffer (300 mM NaCl, 50 mM Tris⅐HCl, pH 7.8). The sample was first reduced by adding a 3-fold molar excess of DTT followed by incubation at room temperature for 40 min. Reduced Agp1 was precipitated with 50% ammonium sulfate to remove the excess of DTT from the sample. The resulting pellet was washed with labeling buffer and dissolved in the same buffer containing a 10-fold molar excess of MTSL (Toronto Research Chemicals, North York, Canada). The sample was immediately irradiated with far-red light for 5 min and incubated at 4°C overnight in darkness. The spin-labeled protein was precipitated, and the supernatant containing unbound spin label was discarded. The resulting pellet was washed with labeling buffer, dissolved in 1 ml of the same buffer, and passed through a PD-10 desalting column (GE Healthcare) to further remove unbound spin label from the samples. The samples were concentrated to a final concentration of 100 -150 M using Amicon ultrafiltration tubes with a pore size corresponding to a nominal molecular weight limit of 30 kDa (Merck-Millipore) and 20% (v/v) glycerol was added. Concentrated samples were loaded into 3.8-mm (outer diameter) syntheticquartz EPR tubes (Qsil GmbH, Langewiesen, Germany) and quickly frozen in liquid nitrogen, either directly or after 1 min red-light irradiation. Control UV-visible measurements were routinely performed to confirm that the samples (before freezing) were in the Pr state (unirradiated samples) or converted to ϳ80% Pfr (irradiated samples at photoequilibrium).
PELDOR measurements
Dead-time-free four-pulse PELDOR experiments (34) were carried out at X-band frequencies (9.5-9.6 GHz) with a Bruker Elexsys E680 spectrometer equipped with a PELDOR unit. Microwave pulses were amplified by using a 1-kW TWT amplifier. A Bruker dielectric resonator ER4118X-MD-5-W1 was used that was immersed in a continuous-flow helium gas-flow cryostat (CF-935; Oxford Instruments). The temperature during the measurements was 60 K and was stabilized to Ϯ0.1 K by an Oxford Instruments ITC-503 temperature controller. In all measurements, the pump frequency was set to the center of the resonator dip, as well as to the maximum of the nitroxide EPR spectrum. The observer frequency was 60 MHz higher. All measurements were performed with observer pulse lengths of 16 and 32 ns for /2 and pulses, respectively, and a pump pulse length of 24 ns. Proton modulation was suppressed by adding eight traces acquired at different 1 values starting from 1 ϭ 300 ns with ⌬ ϭ 16 ns. Depending on the interspin distances, 2 values from 1400 to 4000 ns were used. The total measurement time for each sample was 12-16 h. Experimental data were analyzed with a home-written program employing a model-free iterative Tikhonov regularization in combination with a non-negative constraint. Structure-based PELDOR time traces were additionally calculated using the open-source package Multiscale Modeling of Macromolecules (31) . MMM uses the rotamer-library approach to model spin-label conformations at desired positions in a model structure. The computed rotamer distributions are then used to calculate distance distributions between pairs of sites that are automatically transformed into dipolar-evolution time traces of the PELDOR experiment (31) . The structural models that were used as input into MMM were the crystal structure of Agp1-PCM with parallel subunits arrangement (PDB code 5I5L), the crystal structure of Agp1-PCM with antiparallel subunit arrangement (PDB code 5HSQ), and homology models of the Agp1 histidine kinase modules in the inactive and active states that were based on the crystal structure of the histidine kinase module of the T. maritima sensory kinase HK853 (PDB code 2C2A) and a computational model of the active conformation of the same protein (available as supplementary information from reference (29)), respectively.
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